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Introduction 

Wireless Optical Networks (WONs) are beginning to emerge in the telecommunications 
market ah a strategy lu meet bit-mile demand, enabling reliable high-bandwidth eonneem- 

beams used by WONs to transmit dala are not a new concept; historicalh" such free-space 

ev ol\ cU into »\ stems w illi backup and redundant optical itnks. pro\ iding nign reliaoiliu and 
fiber-like bandwidth to customers located up to a kilometer away from buned fiber. Such 
systems are being deployed U> commercial buildings in urban areas, breaking the so-called 
VkiSt-milc" bottleneck... 1'bese WON. provide a unique^. I ut km that pn>\kJo higher buiu*? 
width than Radio l-requene; I.KH wireless sj stems and is considerably iess expensive than 
laying additional fiber. Additionally, there are no complex licensing requirements when 
implementing WONs. 

The use of wireless optical networking technology enables carriers to offer low -cost, high- 
bandwidth sen sees that can be deployed within a short period of lime. Howe\er. implement- 
ing these systems in public spaces provides new safety challenges. Understanding existing 
cy e safety standards, as \\ ell as the factors in ihe WON environment that impact e\ e safety is 
essential in addressing tnese challenges. 

Kquipmenl makers, laser safety professionals, and telecommunication service pro\ iders are 
working together to build safe and reliable systems that delKer the next generation of broad- 
band eonneeth it), I his w Kite paper presents a re\ iew ol laser ocular hazards, present and 
upcoming safety standards, and eye-safe WON architecture. Additionally, the paper high- 
lights considerations when evaluating the eye-safety of wireless optical networks, and uses 
thu Airi ibu OpuAksh Nciuuik as Mi eAaiupie of a CLiss 1 -loiji pliant \\ ON. 



Light, Lasers, and the Human Eye 

The human eye is a sophisticated and sensitive optical detector with a peak visual response 
to light in the visual range (400- 700 nm) 1 that has evolved over time to correspond to the 



I . The nanometer (nm) is a unit of measurement used here to describes wavelength. ( 1 0"' J m) 



peak of the solar spectrum. Like any other living tissue, the tissues of the eye arc susceptible to dam- 
age under extreme conditions. Since different tissues absorb some wavelengths more strongly than 
others, different parts of the eye are variably susceptible to damage at a gh en wavelength. The cor- 
nea (glassy front of the eych the lens I behind die cornea and in front of the reiina.i. and the retina f the 
back surface of the eyeball that detects light) are all in the path oflight entering the eye and therefore 
may be subjected to dangerous iight levels. 

Many factors combine to result in the potential for laser-induced ocular injury. The anatomy of the 
eye. physiology of vision, and laser-tissue interaction are important factors. Laser-tissue interaction 
is strongly dependent on wavelength, power, and pulse duration. Damage can occur by several mech- 
anisms including photochemical thermal, and thermo-aeoustie. Photochemical interactions are those 
jn which an absorption of a photon by a molecule results in a chemical reaction. Thermal interactions 
refer to the deposition of heat to a local area, whereas thct mu-acumtic refers to transient phenomena 
where the rapid deposition of heat results in a damaging shock-wave. In terms relative to the human 
eye, a thermal interaction might result in a slow bum at the irradiated site, whereas the thermo-acous- 
lic interaction could cause additional physical damage bevond the burn site such as detachment of 
the retina. 



As described, specific tissues in the eye interact strongly with different portions of the optical spec- 

iniended to focus \ isible light onto the retina. Ho\ve\er. ultraviolet 1 IS0-4U0 nini and mid-infrared 
! !40(i nm .* jimr to lar-ir.j'rare-J ;3 lira- 1 mm! 3 exposure ti: the cornea e.r;d lens can cause photo- 
is similar to sunburn on the cornea. This condition, while painful, does not normally result in perma- 
nent damage. Cataracts refer to the formation of cloudy regions in the otherwise clear lens, compro- 
mising vision as they prevent light from reaching the retina. Visible and near- infrared light is of 
particular ha/ar4to the retina. us this is Ihc. range, oflight to which the c> e is intended to be ichmILvs 
and thus has a high absorption. Hazardous exposure to radiation in this range can result in retina! 
bum resulting in compromised- vision at the damaged site. 



Lasers are potentially hazardous as a result of their high brightness (also known as radiance. W-'ttr 
sr). A handheld laser pointer i -630-050 nm and visibly red) is many times brighter than intense 
lamps ur e\ en direct sunlight. Although a lamp or the sun may have a larger total output of light, it is 
generally spread into a large solid angle. For example, the sun shines in all directions around it and is 
thus said to be radiating into 4n sterudians (sri of solid angle. In direct contrast, a laser can produce a 
beam of light that spreads very little and radiates into a solid angle several thousand times smaller; 
thus the brightness is several thousand times higher. It is the collimated. beam-like quality of laser 
output that results in very high irradiance (also known as power density, W/m 2 ). because lasers can 
be focused to a much smaller spot on the retina than conventional light sources, figure 1 provides a 
comparison of the retinal irradiance of a variety of sources. 



2. The inseron (Mm) is a unit ol measurement used here to describe wavelength. (10" 6 m) 

3. The millimeter (mm) is a unit of measurement used here to describe wavelength. {10" 3 m) 
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Typical Retinal (mage Size 



HGtiRE I; Retinal irradiartce for a variety of sources. The retinal image area influences the 
hazard as does the source radiance. 



Laser Safety Standards 

The eye safety hazards of lasers were recognized within a year of the first demonstration of a laser 
device. As some of the first adopters of laser technology and research, military agencies issued the 
earliest laser safety guidelines, in the 1960s and '70s, biomedical research regarding laser-tissue 
interactions established the first physiological basis for safe exposure limits. In over 40 years of 
research and development, the variety of lasers now spans the spectrum from the vacuum ultraviolet 
to the far-infrared, with pulsewidths as short as femtoseconds (10" 15 s). The task of providing laser 
safety guidelines and regulatory codes that adequately address such a broad field of devices and 
diverse applications has become significant. Just as the capabilities of laser systems have expanded, 
so has the complexity of safety standards derived to address them. 
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'Ihu sh i mimhu its ishtc n \tinmtntll m J dneatinii i & mi / tli 11 s th it h i\ e J * I p ^ 
and published h u safu\ st nduds thitt tti which ml di cussed in the iollow in_ nudu phs I he 
standards seneraliv have the lollowma main functions: 

• C laudication ot laser sv stems 

• Guidelines lor sate operation bv users 

Seme Mindirds lie h i m u ul letuius o! I lsei s\sti_n s pi \dn k ul i\ uus i h n 1 1\ i 
pudLet^L in ht muk. eltssill d md I ihU^d Ili o n pit < Hnet t nd id iu n ideied u er un 
cai is md iduiessh w mdiudu Is mlu h n/riions htulJdi.pl \ jiiu s tel u el s^r st kms in 

the community and the workplace. 



ANS Z13o 1 - 1997 l^£SA>-t USt Ot LASERS 



One ii the e uliesi sand uds tint h is undti-onc ecntmu ll let isu n since metptk n in 197 
ein\iti nlStndud institute \\Si /\ { ( -|\») 1 h \ f L h fJisu\ Ihis ioei 
tide eUssiiens nr>jsed m \! i\iim m I'trmissiDit. 1 \pi suie I NlPl 1 n det iikti eh ill i 



md ud k i s ik usl ind depl 



ItC 60825-1 (20OO) SAFE TY Ot LASER PRODUCTS PART 1 - EQUIPMENT CLASSIFICATION, 
REQVIRtMhNTS, ANTI USER GUIDF 

i ne mtetn itionii 1 lectioteennicai t ommission (ll-r> Il'C 60825-1 (2000/ Safety of Layer Products 
Put I I qi j'tiwiit ( ' ,\%tfi^att< ti Requirements, and I 'scr Guide is an intern alio nail) drafted and 
leetijju/ed leeiinie d m incus d tot users and manufacturers. This standard serves as the basis for a 
s t bstt >1 M md id*, t n e e ed tow n f lore speeiile applications: for example, the 1KC 60825-2 Safety 
r O; in a' i mi <_ mumm.niiton Si\iems. The 1 IX" standards are often directly adopted by countries 
it > md 'Ik uJ .1 tin. isf k i n die basis for national policy and regulation on the subject, hir 
manutietuiei it , t d Ciiui ia i id inlematiorulh. compliance w ith the if.C standards is requi- 
site in eoinr tsi the L lilted stiles h is an independent standard under the Code of federal Retalia- 
tions fCFRf 



21 CFR CH. 1 (4-1-97 EDITION) PART 1040 PERFORMANCE STANDARDS FOR LIGHT-EMITTING 
PRODUCTS 

The U.S. Food and Drug Administration (FDA) includes the Center for Device and Radiological 
Health (CDRii), which administrates the US regulatory iaser standard. That standard is the 2! CFR 
Ch. 1 (4-1-97 Edition) Part 1040 Performance Standards for Light- Emitting Products Sections 
1040.10 and 1040.11. This standard stipulates a classification system, manufacturing and labeling 
guidelines, and submission of a report of compliance with the CDRH. 
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S able 1 pro\ ides a summar\ of laser syfet> standards current!; in existence. 

TABLES. 



Summary of Existing Laser Safety Standards 



Standard 


Type 




ANSIZ136.I 




laser users and health and safety profes- 
sionals 


SEC 60825- ! 


technical 


manufacturers with global distribution 


21 CFR Ch S (4-1/9? Edition) Part 1040 




manufacturers in the United States 



Classification Systems and Certification 



Classification There are three concepts that are normally included (directly or b\ reference) in a laser safety classi- 

fication system: Class definitions. Accessible Emission Limit (AEL h and Maximum Permissible 
Exposure (MPIZ). The class definitions proude iion-iechnicui descriptions understandable to the lay- 
person, the AELs define the classification breakpoints, and the iviPEs are based on biophysical data 

The classification allows an abbreviated way to readily communicate the hazard level to a user by 
means of classes 1. 2, 3. and 4. fur example. St should be rioted thai various standards, including 
those described in the pre\ ions section, use confusingly similar vet distinct classifications m the 
• ioRTi « I Arahie anJ-ltiin^aii-ricimei'dis and upper- and n-nu-wu i ti fe lisu icue. •> <e.g. Class 1; H. 2 A, 

3h). These ma; appear on a user manual or label, for example. The classes are described in words to 
indicate the general hazard posed b% a laser in a gi\ en class. Table 2 shows the eiassi lieation s; stem 
of the IEC WI825-1. wiili ihe word description and 4 EEs for an example laser of a doubled CW 
Nd:YAG laser (A. = 532 nm). This is a simple example. The addition of pulsed modulation, extended 
sources, multiple wavelengths and so forth are treated with correction factors. Recently added 
classifications in the IEC60825-I 1 2000s include Classes 1M and 2M. These classes take into account 
that applications exist where aided viewing is not likeh. In such eases the A EL is considered for the 
unaided viewing case only, and therefore Class IM (2M) is defined as a less stringent class than 
Class 1(2). 



TABLE 2. 

IEC 60825- 1 (1W8) Classification of Doubled CW fid: VAC ( 532 nm) 



>nably foreseeable conditions. 



Visible lasers (41)0 700 nm) where 
biink reflex affords eye prelection. 



asers that are safe for viewing with the unaided eye. Direct 
ewing of the beam with aids (e.g. binoculars) may be hazard- 



's hazardous when the bear 



lers capable of producing hazardous diffuse reileel 
[ may pose skin and tire hazards. 



ed directly ! 501) m\V 
t >500mW 



W) and mi Hi wails jmW. 1 lr 5 W) ai 
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The AEL refers to the power level at a given wavelength that signifies a iaser as belonging to a par- 
ticular class. Generally, a standard includes tables, graphs, and equations of AELs thai allow a person 
to classify a given laser based on wavelength, power, and pulse duration. The AEL may be related by 
some safety factor to tne MPE values. 

The MPE \alues are based on actual biophysical research of laser-tissue interactions spanning wave- 
length, power, and pulse duration lor a specific tissue. They are defined as the Se\el of iaser radiation 
10 w hich. under normal circumstances, persons ma) be exposed w ilhout suffering ad\ erse effect. The 
MPE are related to [lie wavelength, pulse duration, and in the case of visible and infrared, the size of 
the retinal image. I here is a considerable body of research supporting the MP!:. As lasers reach new 
benchmarks of performance particularly in pufsewidth and power, research is performed to estimate 
the hazard presented. It should be noted that the MPh values are generally derated by a saicty factor 
themselves, adding further margin to MPE-based Af.Ls. In summary, it should be understood that 
class limits in the form of AELs are not tissue-damage thresholds, but rather are significantly 
reduced below such limits in the interest of safety. 

Certification A Class 1 -certified laser is considered eye-safe with no special precautions required tor persons who 

may be exposed to the system. Being Ciass 1 >equires that a system comply with all Class 1 require- 
ments in the applicable standardise Most generally this means that the system must limit access to 

ously indicated. Af.Ls for a particular ciusx definition are wav eiength-dependent. 

faeturcr has the responsibility to correctly interpret and apply the standards to products. 1 here is no 
mandator. U.S. Federal or international compliance testing. The perils of not fully understanding 
and complying with applicable standards are manifold, and include product liability and. most 
. importantly, potential hazard to humans, 

There are a number of nationally and internationally recognised, independent laboratories that per- 
form laser product safety testing. Examples include t Jnderw titers Laboratories <UL) and 1'Cy (Tech- 
nischer Uberwachungs Vcrcin. English translation: Technical Surveillance Organization) The use of 
an independent test laboratory is good safety practice tu ensure that an unbiased parly comes to the 
same conclusion as the people who designed and plan to sdi the product. 1 his is particularly impor- 
tant in light of the relalE e complexity of the laser standards. Most individuals, upon first interpreting 
the standards, find them difficult to navigate. Employ ing a laser saicty consultant often wii! save 
time and money in the development of new laser products, as fundamental design decisions can 
determine the ultimate iaser class of the product and thus the market that the product can address. 



Eye Safety and Wireless Optical Networks (Wons) 

With the rapid increase in demand for broadband access and the relative expense and delay in 
deploy ing fiber, wireless optical networks are being v iewed as an allbrdable. reliable, and fast 
method of providing fiber-like bandwidth. Currently, carrier-grade equipment is being built to pro- 
v ide reliable, redundant access networks. Wireless optical technology proposes to break the last- 
mile' barrier - the relatively short distance between a fiber optic network and a user. In the case of 
AiiT'iber's OptiMcsh wireless optical network, for example, this is accomplished by Class I eye-salt 
optical transceivers strategically mounted in a mesh configuration on the rooftops of commercial 
buildings in dense urban areas. 
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Ultsti hen^h l inpa\il nt n i hli,-.^ 1 \i ill I! na n i i unuMi'm ud u 
Init p>nst tht II C istuiitnth Jr Ulin_ i st md sdundti thtlEt bOS^s lbiststindndlhilspn.it 
ki]\ iHusts p n mi uin.ni n Wtm 



Eye-safe System 
Architecture 



liktmim other embhn^ ttthnoio„it pottnti il h 1/ ttds p std h\ hsush \t httn mutt tltd b\ tht 
ipplit u nol sikl\ stiiid id La trs it now sitth optrattd m t pen in tmiionratnts istxtmph 
iitd b\ tht uidespieid ust tt lasts pomtus 1 sti i rut imuu any n _ht shows S it opti ition 
aq titsthtitum n atttss bt hmittd to ( hss 1 1 1 Intion I \ ilu ittn such it ess tot wirtk opn 
t 1 nttw iks induuts tht li u swtm ti ss int dtf.toMnuu tnvii mmtnt na sxampath Ioit\im 
pit H ON dtpl tt m pitt htit 1 1 u 1 p*s asb ttuld [.Utntiall nttittpt Vim equut 
th t tht skm rv U iss ] md int ij bit oi dth ts n„ i idi it ion in t ^ttss 1 f C 1 *>s 1 f s t undti sin 
t iai.lt tin fsli is 1 Ins n bt mniktl dtp! \n tnt sluk.ii m t l W ON su ! jt ti ntqLtni 
t be reliable: however, consider beams being aimed into receivers behind 



t in intutupts wtuld m 1 

f. LL L I Jl ., lilt \s 

oinlm_ 1 1 bt im spit id n 
the standard ot 
unitd i ) it p turn nab 



th t 



c It 



PJ.ll 



1 t st ttltKwtn t n ii tin il rit si tut 

1 id) let sit wmd \ s must bt iddit std ithitliillt WtmstiKiiu 

iitl\ Similirh t msidti bt ims btin sent md ittu\td btlwttn u 
\m i h int ttin in us iu s| itthttvittn ittm in tti ittts ir 
ii isp int i , _si i ls t id it^std indsti tt. \ 1 tn_n in 



i litbittttuits btin., tksttoptd lod i\ M 



r w \titnah pulst dut ition ph sk tl si/t ot ttimm il nd instill ition 
nin ut) mas Lt ttnsidt td n dttt n jim_ ius stun tl ism it nit u a 
tun it itti\t ittl \ tut t it tt sin ititlisti nitsptn t to pi tu 



Event begins (t = 0) 



FIGURE 2. 

Example Timing Diagram for an APR Responi 



An example timing diagram for such an APR is shown in Figure 2, and important time scales are 
labeled. The constraints on the timing are determined h\ all the factors discussed above unique to the 
architecture of WON equipment. The shutdown time of the APR (T Af > R ) refers to the time from the 
instant an exposure event begins to the time the laser is turned otf. This response time is determined 
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suhth ' undu tpptop' it*. ^ i.w ir>g .cnditie ns „ p_ >-->i Joe*- "U ..cl^et _ et'crtr-di the t 'a I 
U L in the time 1 pl . It del i\ e in oeeut in the s\ stem the\ must be accounted toi ind meluded in 
thessut milws \n e\ i nple m i\ mekeie the time between the onset (.1 ih tvuil i i the tune 
ills' the s st n i tualh enses 1 His, ample lelultsih* iis t it |_i „ h test * tl e i ilk i uh 
blocked I he powes ot the I iser dunn_ this pulse and the dut lion ( ( lin ) die ehosen sueh that the 
Chss 1 \T L is not e\eeeded It must be ssumed th u tnobsti\ei is still intciecptin_ the be im Jus 
i ^thistme iidikmn iJn es he I r k Tius be nheieirtU s lie Depending ii die 1 sei pc\\ei it 
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edh mteliupts tne he im \ simil i C I iss I pm_ eeuldK. usedkt ll k ieqtiisn or mode what 
l\ tr ns el el L e a tile sen l etnou k est il! sh the mis dui 11^ list il itlui toi e hiij le 



THE AlRFlBER W\ umde ot d iss I comph mtoptie 1 wneless s\ stem is the \!H ibei OptiMesh w siele optte ll 

Opti Mesh Class 1 netwoik i he psoduet uses looftop ti tnseeivei nodes th it eommunie ite with neighbours nodes Ihe 
WON own* .scs^srml is t. msmmm 0 1 i m o ne> tpc ' u rd „n pi jn ^P"" \ <f< 

monuors Kim leee s md leduees output pew ei UH I iss 1 ievilsmlht tvitito] ibeimbb lu 
llhUltl.il 1 ML ioi nm isb s6 m\\ Hi i beim sitteirupt Oeeuts the \PR shuts the Wen 

i \ 1 eh nit 1 s oi 1 I \ e el l H t I S 1 u h tl ( s , n n in t 

uiouk 1 1 > utdun hm mt in th net\ ik 1 he sv tern th n nte s tee „n rm eft v'kic the link is 
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Multiple factors Several other wireless optical systems today use 1550 nra wavelength lasers as an alternative to the 
impact eye-safety shorter wavelengths used by Airl'tber. These systems are using lasers and components designed for 
classification optima! transmission over optical fiber, since this wavelength is the fiber attenuation minimum. A 

collateral eye-safety benefit is due to the reduced retinal absorption at 1550 nra compared to shorter 
wavelengths, For example, the 1EC Class 1 AEL for 785 nm is 0.56 raW, whereas the Class 1 A EL 
for 1550 nm is 10 mW — nearly 20 times higher. Does this mean that 1550 nm systems are 20 times 
more eye-safe? Not necessarily, as the eye-safety and classification of a WON is a function of many 
system parameters. There are technology tradeoffs between long and short wavelengths sueh as 
detector responsivity and active area. In addition, system performance benchmarks such as designed 
link length, bandwidth, and availability vary. All of the above determine the amount of laser power 
required, beam size, and divergence. Thus, to assess the safety hazard of the system, one has to con- 
sider the entire system and installation environment. 



Safety Standards In response to the growth of free-space optical systems for telecommunications, relevant standards 
for WONs bodies such as the 1EC and ANSI are developing standards specifically addressing these systems and 

the unique laser safety aspects they present. At the time of this printing, these standards are currently 
under development by the drafting committees within the standards bodies. It may be possible thai 
they are published in final form in the coming year. 
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1 he draft standards ai present natural!) build from related standards addressing optical liber s> stems 
<*nd outdoor laser light shows, for example. Unique features of WONs. such us i.M systems and 
Al'Rs. are also addressed, as are the environments in which they may be operated and she potential 
for presenting ocular hazards, f or instance, s\ sterns beaming lasers near street te\ el w here passcrsb> 
may intersect the beam should be rigorously required to be Class I. On the other hand, systems that 
send laser beams between towers in restricted environments may be allowed to be in a higher class in 
recognition of the inaccessibility of the space in which they operate. The committees are composed 
of laser eye-safety experts. WON' manufacturers, optical communication experts, and service provid- 
ers who will use and deploy such equipment. 



Conclusion 

With the upcoming depJovment oi \\ ONs in the puNk space lasei c\ e satets is an impoitarst 
lesrumsih'ntv ot the cquipmen' m muf kiu'cis and ^cke pu * ide. 1 - 1 u ,ci ! t htpc-,o unique oculai 
ha/aids that must be mitigated h\ mheiuilK e\e-sal( s\ stem jidiileUuies appiopiiate installation 
locations, and equipment lehabihu 1 he wa\ciength puwei. and apeitufc ot the lasci ale important, 

lent safety tandards addiess lasei e; e-saten i sues and pio< fde guidance to manufacture and 
useis Ho\\e\ei unique chalkmes cms! m tht Hi p1o< mt-nf ,-Mhi-sc «q ( nu i~ nnhh, >.n ^ j 

V, tA> and the dcAckprnun oi open-uii Wi suleh tunuaids ^ m enable die demei\ oi tibci-i.Kc 
bandwidth at a traction ot the cost, while ensuring public saiety. 

\ I iass t-cnmnls snt » neiess ont^l neHoik e\s-ts k^n sr the \n! iKi OptiMe-b \u;ele,,. nik if 
netwuik (. lass 1 oixiati'in uas u uiinoijted mtiuhc system m n Mgn meei the inosi t igojou* oi 
e\e-satet\ sunuaids while piovidmg lehahie. avoidable bioadband jcclss technology 
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